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Hydroxyacid dehydrogenases limit the conversion of -keto acids into aroma compounds. Here we report that inactivation of
the panE gene, encoding the -hydroxyacid dehydrogenase activity in Lactococcus lactis, enhanced the formation of 3-methylbu-
tanal and 3-methylbutanol. L. lactis IFPL953panEwas an efficient strain producing volatile compounds related to cheese
aroma.
Flavor formation in dairy products is directly related to lacticacid bacteria (LAB), which are equipped with a large num-
ber of key intracellular enzymes responsible for the formation
of volatile compounds from amino acid catabolism (1, 2). In
Lactococcus lactis, amino acid degradation is initiated by a
transamination reaction, catalyzed mostly by AraT and BcaT
aminotransferases, that produces the corresponding -keto
acid (3, 4). The -keto acids are subsequently degraded either
into aldehydes, which are further converted into alcohols, car-
boxylic acids, and esters, or into -hydroxy acids, which are not
aroma compounds (1). Two key enzymes are involved in these
reactions, an -ketoacid decarboxylase (KivD) responsible for
the transformation of the -keto acids into aldehydes (5) and
an -hydroxyacid dehydrogenase (PanE) responsible for the
conversion of the -keto acids into the nonaromatic -hy-
droxy acids (6). Hydroxyacid dehydrogenases (HA-DHs) neg-
atively affect aroma production by competing with decarboxy-
lases for -keto acids (7). In order to optimize the degradation
of -keto acids into volatile compounds, we have inactivated
the panE gene in L. lactis IFPL953. The strain was isolated from
rawmilk cheese and was selected because it possesses glutamate
dehydrogenase (GDH) activity, to produce the -ketoglutarate
required for AraT and BcaT transamination reactions, and
KivD activity, which is needed for the transformation of -keto
acids into aldehydes (8).
The HA-DH activity in L. lactis IFPL953 was inactivated
by double-crossover mutation using the thermosensitive
pGhost9 vector (9) containing a 408-bp deletion in the panE
gene. All primers used for PCR amplification and DNA sequenc-
ing during the inactivation of the panE gene are shown in Table 1.
The plasmid pG9::panE was produced in Escherichia coli
TIL206 (10), selected for erythromycin resistance (150 g/ml),
and transformed into L. lactis IFPL953 by electroporation (11). L.
lactis IFPL953panEwas achieved by chromosome integration of
pG9::panE at 37°C and excision at 28°C. The mutation was
verified by sequencing the 1,645-bp PCR product panE (Table
1). L. lactis IFPL953panE and the wild-type strain were analyzed
for HA-DH activity using -ketoisocaproic acid (KIC) as the sub-
strate (6), showing L. lactis IFPL953 values of 5.78 U/mg (1 U is
defined as the quantity of enzyme that oxidizes 1molNADHper
minute at 37°C), whereas the mutant strain had lost the HA-DH
activity. The effect of the mutation on L. lactis IFPL953panE
growth was tested by comparing the growth to that of L. lactis
IFPL953 grown in a buffered chemically defined medium (CDM)
(12) for 24 h (Fig. 1A) and in 10% reconstituted skimmilk powder
for 12 h (Fig. 1B). L. lactis IFPL953 and IFPL953panE reached
similar maximum cell densities and growth rates (max [h
1]) in
both media, although a delay in acidification capacity of
IFPL953panE was observed in milk.
Production of volatile compounds by L. lactis IFPL953 and L.
lactis IFPL953panE during growth at 30°C inCDMandmilk was
determined by solid-phasemicroextraction (SPME) and gas chro-
matography-mass spectrometry (GC-MS), as previously de-
scribed (13). L. lactis IFPL953panE produced higher (P 0.05)
levels of KIC (derived from leucine) and -ketopropionic acid
(pyruvate) than IFPL953 (Table 2). The accumulation of KIC was
related to the absence of HA-DH activity in the mutant strain,
since KIC is the preferred substrate for this activity and PanE is the
sole enzyme responsible for the reduction of branched-chain
-keto acids in L. lactis (6). Growth of IFPL953panE in CDM
and milk produced higher levels of 3-methylbutanal and 3-meth-
ylbutanol than IFPL953. The enhanced production of these vola-
tile compounds observed by elimination of the HA-DH activity
suggests a shift in IFPL953panE in the catabolic flux of leucine
toward the formation of 3-methylbutanal and 3-methylbutanol,
instead of the nonaromatic -hydroxyisocaproic acid. 3-Methyl-
butanal and 3-methylbutanol have been identified as potent
aroma compounds in Camembert, Cheddar, Emmental, Gruyere,
and Mozzarella cheese types (14–16).
Most of the ketones were detected after the incubation of both
strains in milk (Table 2), with the abundance of diacetyl, 2-hep-
tanone, and 2-methyl-4-heptanone being higher (P  0.05) in the
IFPL953panEculture.SinceHA-DHactivity isnotdirectly linked to
ketone production, the effect of the inactivation of the panE gene on
the increase of these compounds was most likely indirect (7). Di-
methyl disulfide (DMDS) was also produced at higher levels by
IFPL953panE than thewild-type strain inmilk (Table2). InL. lactis,
methionine can be transaminated, leading to the formation of
4-methylthio-2-oxobutyric acid (KMBA), which may be converted
into methional by the enzyme KivD (5). KMBA and methional
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chemical degradation lead to the formation of DMDS and dimethyl
trisulfide (17, 18). Some affinity of PanE for KMBA has been de-
scribed (6); hence, its inactivation could be an explanation for the
higher levels of DMDS in L. lactis IFPL953panE. Volatile sulfur
compounds are considered tomake appreciable contributions to the
overall flavor in different cheeses (2).
In summary, it has been demonstrated that the suppression of
HA-DH activity has no negative effect on L. lactis IFPL953panE
TABLE 1 PCR products and primers used in this study
Primer or PCR product Nucleotide sequence (5=–3=)a or description Target or purpose
Primers
panE7b TTCCATATGAGAATCACAATTGCCGGT Forward primer for panE amplification
panE8b CCGCTCGAGTTATTATTTCGCCTTTAA Reverse primer for panE amplification
Pg91c TGGCGAAAGGGGATGTGCT Amplification of F1-F2
Pg92c ACTGACAGCTTCCAAGGA Amplification of F1-F2 and INT
sbcD-IL CGGGGTACCCCTTAGCATAACTTAGTCT Amplification of F1
1R-panE-IL CCGCTCGAGCCTTGATATTGCTGAAGTA Amplification of F1
2F-panE-IL CCGCTCGAGCTTGGTATGCTCGTCAA Amplification of F2
ynfG-IL CCCCCGGGTCACTCTAAATTCACTTGT Amplification of F2
Fw-Int TCTTATTATTGAACTGACTTT Amplification of panE and INT
Rv-Int AACAGAAACTGGAGTAGA Amplification of panE
PCR products
panE 938 bp; panE gene in L. lactis IFPL953 Template DNA
F1 670 bp; upstream region of deletion zone in the panE gene in L. lactis IFPL953 Cloning in pGhost9
F2 688 bp; downstream region of deletion zone in the panE gene in L. lactis IFPL953 Cloning in pGhost9
F1-F2 1,358-bp fragment containing panE gene of L. lactis IFPL953 with a deletion of 408 bp Mutation of panE gene in L. lactis IFPL953
INT 1,662-bp fragment when recombination occurred through F1; 2,070-bp fragment
when recombination occurred through F2
Verification of integration of pG9::panE
in L. lactis IFPL953
panE 1,645 bp; genomic DNA of L. lactis IFPL953 containing the 530-bp panE gene Verification of replacement of panE for the
panE gene in L. lactis IFPL953
a Cleavage sites for restriction enzymes KpnI, XhoI, and XmaI are underlined in the primer sequences.
b Chambellon et al. (6).
c Maguin et al. (9).
FIG 1 Growth (OD480; solid symbols) and acidification (pH; open symbols) curves of L. lactis IFPL953 (gray lines) and IFPL953panE (black lines) incubated
at 30°C. Growth rate (max [h
1]) was calculated based on the optical density at 480 nm obtained during the growth of L. lactis in chemically defined medium
(CDM) (A) and skim milk (B). Values are means standard deviations from three independent experiments.
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growth, whereas it enhances conversion of -keto acids into vol-
atile compounds related to cheese aroma.
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